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Abstract 
Propene oxide synthesis has a relative long history. Many processes have already been 
developed and some of them even applied at the industrial scale. By comparing them, 
one of the most promising is the HPPO process (Hydrogen Peroxide Propene Oxide), 
because hydrogen peroxide is used as direct oxidant in propene oxidation and only water 
is obtained as theoretical byproduct. The 
reaction is catalyzed by TS-1, a titanium 
silicalite MFI zeolite, it is carried out under 
mild conditions of temperature and propene 
pressure (40°C, 20 bars). Methanol is used 
as solvent. Since 25 years now, this process 
is under development and recently some 
industrial plants, based on this technology, 
are already running. Despite the industrial 
interest, only few papers have been 
published till now dealing with the kinetics 
of the reactions involved in the process, 
paying attention only on the main reaction 
and without taking into account the 
mechanism proposed by other authors. 
The first part of this thesis is devoted to the kinetic investigation of the overall reaction 
network of the HPPO process, considering both the main and the side reactions, taking 
care on the mechanism suggestions reported in the literature. The study has been 
performed in a fed-batch reactor. The collected runs have been interpreted by adopting a 
reliable mechanism and reaction scheme. By taking into account also the mass transfer 
phenomena, it has been possible to investigate the kinetics of the reaction system and to 
obtain the kinetic rate laws with related kinetic parameters. 
The second part of the work is devoted to the design and realization of a continuous lab-
scale pilot plant, that includes the possibility to work with several continuous reactors 
such as continuous stirred tank reactor (CSTR), adiabatic tubular reactor and jacketed 
tubular reactor. In this way, by using a CSTR, the kinetic model found in the previous 
step of this thesis has been validated and the correct strategy to enhance the hydrogen 
peroxide conversion and propene oxide selectivity has been evaluated. 
Finally, the third part of this work is strictly related to the waste water effluents 
treatment coming from the HPPO plant, that contain unreacted hydrogen peroxide. A 
detailed catalytic investigation has been performed on the hydrogen peroxide 
decomposition and the best catalysts tested in continuous too, paying attention to the 
intensification of this last step of the HPPO process. 
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Chapter 1 – Introduction 
 
 
"There are no secrets to success. It is the result of preparation, hard work, 
 learning from failure." 
 Colin Luther Powell, The Leadership Secrets of Colin Powell by Oren Harari, 2003 
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1.1 Propene Oxide 
Propene oxide (PO) is a colorless, highly volatile liquid with a sweet ether-like odour. It 
is flammable and extremely reactive, so care has to be paid to both storage and 
unloading areas. Being it so reactive, propene oxide is an excellent intermediate, in fact, 
it is a raw material for the production of several commercial products such as polyglycol 
ethers, propene glycols and propene glycol ethers. In 2010, the PO worldwide 
production runs at about 7.5 Mtonns/year. 
The history of the PO synthesis is far to be recent and some synthetic routes have been 
developed till now. A list of the developed technologies is reported, while the related 
reaction schemes are summarized in Figure 1. 
- Direct oxidation of propene: oxygen is used as direct oxidant. It would be, of 
course, the best synthetic route but it is still a holy grail, being the obtained PO 
selectivity results far from the industrial targets. 
- Dehydrochlorination of chlorohydrins: the most ancient route based on the 
formation of chlorohydrins that give propene oxide after reacting with a basic 
compound. Here the coproducts are brine of chlorine salts which lead disposal 
problems. 
- Coproduct Route (SMPO, TBA): an hydroperoxide derived from ethylbenzene 
or isobutene reacts with propene giving place to propene oxide and a coproduct, 
that is respectively styrene or tert-butyl alcohol. Of course, the economy of the 
process depends on the economy of the coproduct itself. 
- Cumene hydroperoxide (CH): cumene hydroperoxide is used as oxidizing 
agent. This route solves the coproduct route problem, because the obtained 
coproduct can be reduced to the starting reagent. 
- Peroxiacid route: a peroxiacid formed either in situ or ex situ reacts with 
propene to give propene oxide. This route did not achieve a real industrial 
success probably because of the intrinsic low selectivity of the process. 
- HPPO process: direct use of hydrogen peroxide for epoxidizing propene. This 
route gives place only to water as theoretical product. Moreover, the catalyst 
developed for this process, TS-1, is very selective to the PO synthesis. 
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Figure 1 – Propene oxide synthetic routes. 
 
Some of these process have already found an industrial application. At this purpose, in 
Figure 2 the worldwide distribution of the PO suppliers, referred to 2009, is reported. 
 
Figure 2 – PO suppliers distribution with related technologies (2009)1. 
 
                                                           
1
 Nexant Chemsystems PERP Program; Propylene Oxide, Process Technology; 2009; PERP07/08-6. 
Process: CH 
Producers: 
Sumitomo; 3.7%
Process: HPPO           
Producers: Dow,                      
BASF, UHDE; 4.9%
Process: Chlorohydrin
Producers: Dow, 
Asahi Glass 
Tokuyama; 43.2%
Process: TBA 
Producers: Lyondell 
Huntsman; 15.5%
Process: SMPO              
Producers: Lyondell 
Shell Repsol          
Nihon oxirane SKC 
Chemical; 32.7%
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As can be seen, among the old technologies, the Chlorohydrin route is still the most 
diffused one, but the HPPO process can be considered the trend of the modern industry.  
In fact, in 2008, Evonik and SKC have launched the  first commercial-scale propene 
oxide plant, based on the HPPO technology, with a capacity of 100 ktons/year. The next 
year BASF and DOW Chemical started with a new plant based on a similar technology, 
with a 300 ktons/year capacity. The reason of the success is the absence of the unit 
operations necessary for collecting and purifying the coproduct of the previous hydrogen 
peroxide processes, that reduces the investment cost up to 25%. Moreover HPPO process 
reduces the wastewater (70-80%) and the energy need (35%) with respect to the most 
traditional technologies2. The advantage of this new technology is proven by the fact that 
Evonik and Uhde are going to set up another plant in China based on HPPO technology, 
with a capacity of 230 ktonns/year, while, DOW is setting up a 390 ktonns/year of 
propene oxide plant in Thailand. Being this process so economically advantageous and 
so eco-friendly, it has been studied in detail leading to a publication (I) that reports all 
the chemical and technical aspects involved. In the next paragraph, the key points of the 
HPPO process are reported. 
  
                                                           
2
 EPA, The Presidential Green Chemistry Challenge Awards Program: Summary of 2010 Award Entries and 
Recipients. http://www.epa.gov/greenchemistry (accessed Jan 2013). 
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1.2 HPPO Process 
The use of hydrogen peroxide for epoxidizing propene is a very attractive synthetic route 
from both environmental and economic point of view, because, the only coproduct is 
water (see reaction 1). 
   (1) 
 
The reaction is catalyzed by TS-1, a titanium silicalite MFI zeolite patented by ENI at 
the end of 1970s. The catalyst is made by Ti(OSi)4 tetrahedral site (called “close” sites), 
that contain some defective “open” Ti(OSi)3(OH) sites, as EXAFS studies have 
demonstrated on well manufactured TS-1 samples. Thanks to this structure, TS-1 shows 
a three-dimensional system with micropores of 5.1-5.6 Å. 
By using this catalyst, the reaction is carried out under mild conditions, in the presence 
of methanol as solvent, that is the best solvent in terms of both activity and selectivity 
for the HPPO process. The process temperature ranges between 30-50°C, while if 
pressure is below 16 bars, propene is in the gas phase, so three phases are present (gas-
liquid-solid). Therefore, if pressure is between 20-25 bars propene is kept the liquid 
phase (liquid-solid system). In this last case attention has to be paid to the volumetric 
ratio between the two phases. In fact, in some cases two different liquid phases are 
present: (i) a phase rich in propene containing also propene oxide, (ii) a methanol rich 
phase containing water, hydrogen peroxide and some amount of propene oxide. The 
thermodynamic limit at 40°C and 20 bars is about 2:1 methanol:propene (vol./vol.). 
 
Concerning the reaction mechanism, Clerici et al.3 have published that the most 
accredited mechanism, on the basis of spectroscopic evidences, is the Eley-Rideal one. It 
is important to point out that only three papers have been published till now concerning 
the HPPO kinetics, and these papers are all mainly focused on the main reaction 
                                                           
3
 Clerici, M. G. Erdöl, Erdgas, Kohle 2006, 122(6), OG77−OG82. 
+ H2O+
O
H2O2
TS-1
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investigation. Moreover, two of the mentioned papers report kinetic runs performed by 
using isopropanol as solvent4,5, while only one has used methanol6, that is, the solvent 
most commonly employed in the industrial plants. However, there are discrepancy about 
the reaction kinetic law. As a matter of fact, two of these paper confirm the Eley-Rideal 
mechanism, while the authors that used methanol found that the best mechanism, in 
terms of statistical analysis, would be a dual-site Langmuir-Hinshelwood. More 
experimental work is, therefore, necessary to individuate the correct kinetics in the 
presence of methanol as solvent and determine the related parameters. 
 
As before mentioned, the cited paper are focused only on the main reaction, giving no 
kinetic information related to the side-reactions that reduce the yield of the process and 
increase the costs of PO purification. In fact, being propene oxide so reactive, other 
products can be formed by secondary reactions that lower the selectivity of the process. 
A detailed scheme of all the possible occurring reactions after the propene epoxidation is 
reported in reaction schemes 2-5. 
   (2) 
                                                           
4
 Liang, X.; Mi, Z.; Wu, Y.; Wang, L.; Xing, E. React. Kinet. Catal. Lett. 2003, 80 (2), 207-215. 
5
 Danov, S. M.; Sulimov, A. V.; Kolesnikov, V. A., Ovcharov, A. A. Kinetics and Catalysis 2013, 2, 193-198. 
6
 Shin, S. B.; Chadwick, D. Ind. Eng. Chem. Res. 2010, 49, 8125–8134. 
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     (3) 
   (4) 
   (5) 
The reactions reported in the reaction scheme 2 are all related to the ring opening 
reactions. In particular, propene oxide can react with either water or methanol, giving 
place to propene glycol and methoxy propanol, respectively. These two products are the 
major by-products and, among them, methoxypropanol is the most abundant, being 
usually methanol concentration greater than the water one. Of course, propene oxide can 
also reacts with methoxypropanol or propene glycol giving place to dimers that can react 
further forming heavier adducts. 
It has been shown in the literature that an increase of the reaction temperature 
corresponds to an increase of the hydrogen peroxide conversion, but to a corresponding 
decrease of the propene oxide selectivity. This fact shows that temperature needs to be 
kept low in order to avoid the ring opening reactions. Therefore, being the epoxidation 
reaction extremely exothermic, it is not very easy to keep the system at the desired 
temperature values, so attention must be paid to heat exchange aspect. 
Hydrogen peroxide decomposition (reaction 3) must be taken into account mainly at 
high temperatures. 
The formation of formic acid (reaction 4) and methyl formate (reaction 5) has been 
reported, without quantitative data, by BASF that underlined the propene oxide 
purification problems, because PO and methyl formate have a similar boiling point 
(respectively 34°C and 32°C). 
 
In order to lower the side reactions, it is possible to add additives. Actually they affect 
both hydrogen peroxide conversion and propene oxide selectivity. In general, basic 
additives can poison the TS-1 acid sites leading to a reduction of the catalyst activity, but 
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also to a slower ring opening reaction rate, that means to increase propene oxide 
selectivity7.  
As a first conclusion, even if the industrial interest on this technology is very high, in the 
scientific literature there are only studies concerning synthesis and characterization of 
TS-1 catalyst, while only few studies have been published on both the reaction 
mechanism and the kinetics of propene epoxidation reaction. These last two aspect are 
the main topic of this PhD thesis and are reported in “Chapter 2”. 
 
Another very important aspect of the HPPO process is related to the reactors and all the 
operating units that purify the produced propene oxide. An example of plant 
configuration is reported in Figure 3. 
 
Figure 3 – DOW and BASF HPPO plant scheme8. 
 
In most of the cases, the reacting unit can be either a CSTR or a tubular reactor. This last 
can work in different modalities, like: (i) adiabatic; (ii) adiabatic in series with 
intermediate cooling; (iii) isothermal; (iv) heat exchanger reactor. Also the fluid-
dynamic of the system can be chosen between different options, like: (i) trickle bed 
reactors characterized by a gas-liquid-solid system, working at a pressure lower than 16 
                                                           
7
 Crocco, G. L.; Zajacek, J. G. US 5646314, ARCO Chemical Technology, L.P.; 1997. 
8
 Bassler, P.; Weidenbach, M.; Goebbel, H. Chem. Eng. Trans. 2010, 21, 571−576. 
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bars; (ii) tubular reactor with a liquid-solid system; (iii) tubular reactor with a liquid-
liquid-solid system. 
In all the mentioned reactors, two different kind of commercial TS-1 can be used. For 
instance, the industrial catalyst is constituted by zeolite dispersed in a binder phase. The 
pellets used in packed bed are generally obtained by extruding the binder paste 
containing the TS-1, while, the catalyst for the slurry reactors can be obtained by spray-
drying technique. The characteristics of the binder are important for the mechanical 
properties of the final catalyst, but also for saving the selectivity in the epoxidation 
reaction. Thanks to its properties, silica is used as the most common binder. 
 
Of course, the choice of the reactor and the right catalyst is not trivial, so it would be 
necessary to test different kind of reactors, loaded with different kind of catalyst, and 
check their performances in terms of both activity and selectivity. Actually, lots of 
papers have been published, in the patent literature, by using tubular reactors packed 
with extruded TS-1, showing two main problems: (i) the thermal control, observing 
peaks in the temperature along the reactor axis; (ii) selectivity problems, that lead to the 
use of additives, probably due to either diffusion phenomena of the catalyst or to the 
acidity of the system. The low selectivity is hard to explain because the powdered 
catalyst showed, at least in batch reactor, always high selectivity. In order to solve these 
two problems, it could be useful to use a continuous stirred tank reactor (CSTR) that can 
be considered the best in terms of thermal exchange. Moreover, this reactor could be 
loaded directly with TS-1 in powdered form. The kinetic and validation tests performed 
in a lab-scale CSTR reactor, together with its fluid-dynamic characterization, is the main 
topic of “Chapter 3”. 
 
Concerning the separation units, distillation columns are in general indicated like the 
best solution (see units 1-5 in Figure 3). The already running industrial plants are 
characterized by 4 to 5 distillation columns to obtain propene oxide at 98% purity. 
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An interesting aspect that comes out from a careful reading of the process plants is 
related to aqueous effluents that are normally discharged. These effluents contains 
unreacted hydrogen peroxide that needs to be eliminated before discharging the effluents 
in the environment. It is possible to eliminate hydrogen peroxide simply by creating a 
strong basic environment by adding NaOH to the residual hydrogen peroxide solution. In 
these conditions hydrogen peroxide spontaneously and promptly decomposes to water 
and oxygen9. This is a common practice in industry, because, it seems a very simple 
operation, but it shows many serious drawbacks. In fact, the basic environment created 
for decomposing hydrogen peroxide requires a successive neutralization step that is 
detrimental for the environment. At last, this operation is not simple for a continuous 
plant. A valuable alternative is the use of an heterogeneous catalyst promoting the 
hydrogen peroxide decomposition. Many heterogeneous catalysts have been suggested in 
the literature that are very active in promoting the hydrogen peroxide decomposition. 
Iron oxides, manganese oxides and perovskites, in particular, have shown the greatest 
activity in promoting this reaction. Moreover, this operation could be advantageously 
intensified by using packed bed tubular reactors, microreactors or sintered metal fibers.  
 
Starting with these ideas, the detailed investigation regarding both the catalyst, the 
kinetics and the kind of reactor for decomposing hydrogen peroxide is the main topic of 
“Chapter 4”. 
                                                           
9
 Santacesaria, E.; Tesser, R.; Di Serio, M.; Russo, V.; Turco, R. Ind. Eng. Chem. Res. 2011, 50(5), 
2569−2575. 
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Chapter 2 – HPPO kinetics and 
mechanism 
 
 
“The fundamental laws necessary for the mathematical treatment […] chemistry are 
thus completely known, and the difficulty lies only in the fact that application of these 
laws leads to equations that are too complex to be solved.” 
Paul Dirac, Proceedings of the Royal Society, 1929 
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2.1 Introduction 
A detailed kinetic investigation of the HPPO process, at low propene pressure, is the 
main topic of the present chapter. By considering that the reaction occurs in three phases 
(gas, liquid and solid), care has to be paid on the fluid dynamic characterization of the 
system, involving both the gas-liquid and liquid-solid mass transfer. Furthermore, it has 
to be considered that propene can be easily ignited due to the presence of oxygen 
developed by the hydrogen peroxide decomposition. It is evident that the most adequate 
experimental conditions must be chosen, so a preliminary investigation of the hydrogen 
peroxide decomposition in the presence of TS-1 has been performed. In order to 
determine the influence of the defective sites on the propene oxide ring opening reaction, 
some experimental runs have been performed, too. 
Finally, in order to investigate the kinetics of the overall reaction network, experimental 
tests have been carried out at different experimental conditions of both temperature, 
catalyst concentration, composition and partial pressure. All the collected data have been 
elaborated with a single kinetic model, that takes its fundaments on the experimental 
investigations of the reaction mechanism proposed by the literature. 
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2.2 Materials and methods 
2.2.1 Chemicals and catalyst 
Propene has been supplied by SIAD with a purity of 99.5 % (0.5 % propane), methanol 
has been supplied by Clean Consult at 99.8% purity, hydrogen peroxide (60 wt.%) has 
been supplied by Mythen s.r.l.. All the other reagents employed have been supplied by 
Aldrich at the highest level of purity available and have been used as received without 
further purification. 
TS-1 catalyst has been supplied by Conser S.p.A. in spray-dried powdered form (average 
diameter of particles 35 µm; average size of crystallites 30 nm with a titanium content of 
3 wt.%). This catalyst has been used for all the experimental runs performed for 
publication II. 
 
2.2.2 Reactors and reaction procedures 
The HPPO kinetics has been studied in two different reactors. The experiments 
performed in order to study the side-reactions kinetics have been made in a hastelloy 
cylindrical batch reactor of 300 cm3, that has been supplied by Parr Instrument and 
allows to work at a maximum of 55 bars. The epoxidation tests have been performed in a 
cylindrical jacketed AISI 316 fed-batch reactor of 1000 cm3. This reactor has been 
equipped with a gaseous effect stirrer (see detail in Figure 4) in order to favor the 
propene mass transfer from the gas to the liquid phase. In order to avoid any catalyst loss 
during the withdrawn samples, a sintered AISI 316 filter of 10 µm mesh, has been used 
on the withdrawn line. A sketch of the used reactors, together with the related pictures, is 
reported in Figure 4. 
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Figure 4 – Sketch, with related pictures, of the reactors used for the HPPO kinetics 
investigation. A,C. Main reaction investigation reactor: the details are related to the data 
acquisition system and the gaseous stirrer effect, B,D. Side reaction investigation 
reactor. 
 
The main operative variables, such as temperature, pressure and propene flow, are 
recorded through a data acquisition system for both the reactors (NI cDAQ-9174) 
provided by National Instruments and a dedicated software written in LabVIEW 2011. 
Different sets of experimental runs have been performed in order to deeply investigate 
the kinetics of the HPPO reaction network, studying all the reaction independently. In 
particular, hydrogen peroxide decomposition and the methyl formate/formic acid 
formation, have been studied simultaneously. The ring opening reaction kinetics have 
been investigated by following three different modalities: (i) considering PO degradation 
in the presence of methanol; (ii) studying the ring opening in the presence of both water 
C D
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and methanol; (iii) considering the effect of hydrogen peroxide on the PO degradation 
reaction rate in the presence of both water and methanol. Finally, the propene oxide 
production runs have been carried out by changing the temperature, the catalyst 
concentration, the propene partial pressure and the methanol/water ratio.  With this study 
it has been possible to obtain, for any reaction, the corresponding kinetic law and related 
kinetic parameters. In general, the experimental runs have been performed by charging a 
liquid solution at room temperature, pressurizing and washing the gas phase with 
nitrogen several time, in order to avoid the presence of oxygen, heating the system at the 
desired temperature and activating the propene feed to the reactor (when required). In all 
cases, temperature ranged between 30-70°C, with a catalyst load ranging between 1-7 
wt.%. In the case of propene oxide synthesis, the propene partial pressure has been 
varied in the range of 0.73-3-11 bar. All the other details of the reaction procedures can 
be found in publication II. 
By considering that the experimental work has been performed at low pressure, the 
reaction system is composed of three phases (gas-liquid-solid), so the reactor has been 
fluid-dynamically characterized in order to define the mass transfer parameters. The 
fluid-dynamic characterization of the system has been performed by propene step-wise 
tests on a methanol/water solution. 
 
2.2.3 Analytical methods 
The products distribution and the PO conversion have been analytically determined by 
gas-chromatographic analysis, using a gas chromatograph (HP 6890), equipped with a 
flame ionization detector (FID), a split-splitless column injector, and employing a Restek 
RT-Q-Bond Plot column (30 m x 0.32 mm I. D., 0.1 µm film). Before the analysis, 100 
µL of ethyl acetate have been added to 5 cm3 of sample, as internal standard. The 
residual hydrogen peroxide concentration has been analytically determined by a 
iodometric titration10. 
  
                                                           
10
 Kolthoff, I. M., Sandell, E. B., Meehan, E. J. Treatise on Analytical Chemistry. John Wiley & Sons: New 
York, 1993. 
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2.3 Fluid dynamic characterization 
Fluid dynamic characterizations tests have been carried out in order to determine the 
influence of the stirring rate on the mass transfer parameters. From the collected 
experimental data, the following relation for the propene Henry’s constant in the reaction 
mixture as a function of temperature can be derived, Eq. 6. 
4393.0)15.273(0046.0
63
+−⋅−= TH HC
     (6) 
All the collected experimental data have then been subjected to mathematical regression 
analysis for evaluating the gas-liquid mass transfer coefficient (kL·aL), by solving the 
mass balances related to propene present in the gas phase, where the inlet propene 
stream has been considered proportional to reactor pressure, and propene dissolved in 
the liquid phase, reported in Eqs 7-8. The ODE (Ordinary Differential Equation) system 
has been solved by using MatLab ode45 algorithm. 
LHCHCLL
actualset
vHC
G
HC
G
HC VHCHPakPPkJn
dt
dn
⋅−⋅⋅⋅−−⋅=−= ])[()( 6363 63636363 &  (7) 
LHCHCLLHC
L
HC VHCHPakJ
dt
dn
⋅−⋅⋅⋅== ])[( 6363 636363     (8) 
The trend of the evaluated gas-liquid mass transfer coefficient as a function of the 
stirring rate is reported in Figure 5. 
 
Figure 5 – Trend of the mass transfer coefficient with the stirring rate. 
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As can be seen the gas-liquid mass transfer parameter is quite linear in the range 10-700 
rpm. With this preliminary investigation the gas-liquid mass transfer phenomena that 
occurs in the adopted experimental device are fully understood. Finally, by considering 
that gas-liquid mass transfer is always operative, in the adopted experimental conditions, 
it has to be taken into account when interpreting propene oxide synthesis experimental 
runs. 
 
By considering that the epoxidation of propene occurs in a gas-liquid-solid system, an 
effort has to be made in order to estimate the liquid-solid mass transfer coefficient, too. 
By applying the correlations published by Sano et al.11 a liquid-solid mass transfer 
coefficient of about ks=6.0 cm/min has been estimated. By considering that the TS-1 
adopted catalyst is characterized by a very high specific area (1.7E+03 cm2/cm3), it is 
possible to obtain a very high value for ks·as. For this reason, by considering that the gas-
liquid resistance to the mass transfer is much greater than the liquid-solid one, that is 
1/(kL·aL)>>1/(ks·as), it is reasonable to considered negligible the second contribution. 
 
Being the catalyst a solid particle, attention must be paid to the absence of internal 
diffusion limitation. At this purpose, by applying the Weisz-Prater correlation12 to the 
propene oxide synthesis initial reaction rates values, it is possible to calculate for all 
cases an effectiveness factor always near to the unity.  
 
By concluding, the gas-liquid mass transfer can be considered the only limitation for the 
HPPO system, so having an influence on the reaction rates. For this reason, it has to be 
taken into account when interpreting the propene oxide synthesis tests, in order to find a 
reliable intrinsic kinetics. 
  
                                                           
11
 Sano, Y.; Yamaguchi, N.; Adachi, T. J. Chem. Eng. Jpn. 1974, 7, 255-261. 
12
 Weisz, P. B.; Prater, C. D. Advances in Catalysis 1954, 6, 143-196. 
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2.4 H2O2 decomposition and methyl formate/formic acid formation 
The second part of the reported kinetic investigation deals with two important side 
reactions, that are hydrogen peroxide decomposition and methyl formate/formic acid 
synthesis, with the aim of choosing the adequate experimental conditions that would 
drastically reduce their effect. These two reactions have been studied simultaneously by 
reacting hydrogen peroxide and methanol in the presence of TS-1. 
In the performed tests methyl formate concentration has been always very low, so that it 
is not possible to make a quantitative analysis on the collected data. Therefore, methyl 
formate concentration could be measured at temperature greater than 50°C and at high 
TS-1 concentration. By considering that this compound has a similar boiling point than 
propene oxide (respectively 32°C and 34°C), its formation could lead problems in 
propene oxide purification, that is normally performed in distillation columns. For  this 
reason, it is necessary to avoid its formation working at low temperature and catalyst 
concentration. This fact has to be taken into account overall in designing HPPO 
recirculation plants, where methyl formate can be accumulated. 
Then, concerning the hydrogen peroxide decomposition, several experimental runs have 
been performed, all described by the following kinetic rate law, Eq. 9. 
][]1[ 22OHTSkr dd ⋅−⋅=        (9) 
 
The reported law takes into account the experimental evidences, showing that the 
hydrogen peroxide decomposition linearly depends on the TS-1 concentration, as it can 
be seen in Figure 6 for two different sets of experiments, performed at 40 and 60 °C. 
Moreover, this reaction shows a strong dependence on the temperature, with an 
estimated activation energy of 19.5 Kcal/mol. At this purpose, the Arrhenius plot is 
reported in Figure 7. 
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Figure 6 – Initial hydrogen peroxide decomposition rate as function of the TS-1 
concentration with related simulation. Symbols are experimental data, lines calculated 
values. 
 
Figure 7 – Arrhenius plot on hydrogen peroxide decomposition and related simulation. 
Symbols are experimental data, lines calculated values. 
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So, by increasing the temperature, a strong increase in the hydrogen peroxide conversion 
can be observed. Moreover, starting from a nitrogen pressure of 5 bars, the global 
pressure of the system increases as a consequence of the oxygen development due to the 
hydrogen peroxide decomposition. 
In order to interpret the collected experimental data, Eq. 10 has been used to solve the 
mass balance for each component. 
Lddi
i Vr
dt
dn
⋅⋅±=
,
ν
       (10) 
Moreover, the kinetic constant dependence on the temperature has been taken into 
account by applying the modified Arrhenius equation reported in Eq. 11, written in 
general form because will be used from now on. 









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





−⋅−⋅=
ref
maref
mm TTR
E
kk 11exp ,      (11) 
All the kinetic parameters that have been estimated on the experimental data are reported 
in Table 1, together with the statistical information. The calculations have been 
performed by using MatLab, with ode45 as ODE solver algorithm. 
 
Table 1 – Hydrogen peroxide decomposition kinetic parameters, at a reference 
temperature of 313 K, together with the related statistical information. C.I.: confidence 
interval. σ: standard deviation. 
 Value 90%C.I. 95% C.I. 99% C.I. σ 
kdref    [L/(gTS-1·min)] 2.45E-05 6.82E-08 8.15E-08 1.09E-07 2.43E-06 
Ea,d    [Kcal/mol] 1.95E+01 2.84E-02 3.40E-02 4.54E-02 1.69E-02 
 
 
The agreements can be appreciated in Figures 6, 7 and in the parity plot reported in 
Figure 8. The average difference between the experimental data and the corresponding 
calculated values is about 3%. 
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Figure 8 – Parity plot for the hydrogen peroxide decomposition tests. 
 
It is possible to conclude that in the industrial plants the choice of the reaction conditions 
is fundamental, because both the hydrogen peroxide decomposition and the formation of 
both methyl formate and formic acid are favored by the high catalyst concentration and 
by the possible presence of hot spot along the reactor: care must be made on controlling 
these two variables.  
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2.5 Propene oxide ring opening reaction: defective sites effect 
An important aspect that must be taken into account, when studying the HPPO kinetics, 
is that TS-1 defective sites can have a catalytic behavior on the ring opening reactions13. 
In this case, no mechanism suggestions are given by literature and actually it is very hard 
to understand which sites are responsible of these reactions. In order to interpret the 
collected experimental data we have considered the reaction scheme reported in scheme 
1.  
 
Scheme 1 - Reaction scheme of epoxide ring opening. 
 
The corresponding reaction rates are reported in Eqs 12-15. 
][][]1[ 311 OHCHPOTSkr DD ⋅⋅−⋅=      (12) 
])([][]1[ 322 HPOOCHPOTSkr DD ⋅⋅−⋅=     (13) 
][][]1[ 233 OHPOTSkr DD ⋅⋅−⋅=
      (14) 
∑
=
=⋅⋅−⋅=
,....2
344 ])([][                ][][]1[
i
iDD HPOOCHOligomOligomPOTSkr
 (15) 
                                                          
13
 Thiele, G.F., Roland, E. Journal of Molecular Catalysis A: Chemical 1997, 117, 351-356. 
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The kinetic constant of the kinetic law (13) and (15) can be assumed the same for both 
the reaction of PO with methoxy propanol and its oligomers, independently on their 
molecular weight, because, all these side reactions (reaction to methoxy propanol and to 
oligomers) occur according to the same mechanism, where PO reacts with an alcoholic 
group14. 
The reaction rate laws have been successfully applied to describe a great number of 
experimental runs performed with two different modalities: (i) TS-1, propene oxide and 
methanol; (ii) TS-1, propene oxide, methanol and water. The data have been elaborated 
by applying the mass balance reported in Eq. 16, considering the Arrhenius law reported 
in Eq. 11. The estimated parameters are reported in Table 2. 
∑ ⋅⋅±= LDmmii Vrdt
dn
,
ν
      (16) 
The mass balance reported in Eq. 16 has been solved by using MatLab ode45 ODE 
solver. In every case an average difference between experimental data and calculated 
value of 5% has been determined, as it can been appreciated from Figure 9, where an 
overall parity plot is reported. 
                                                          
14
 Di Serio, M.; Tesser, R.; Dimiccoli, A.; Santacesaria, E. Ind. Eng. Chem. Res. 2002, 41, 6772. 
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Figure 9 – Parity plot for the ring opening reaction in absence of hydrogen peroxide. 
Table 2 – HPPO ring opening reactions kinetic parameters, calculated at a reference 
temperature of 313 K, together with the related statistical information. C.I.: confidence 
interval. σ: standard deviation. 
 Value 90%C.I. 95% C.I. 99% C.I. σ 
kD1,ref  [L2/(gTS-1·mol·min)] 9.48E-06 2.94E-07 3.51E-07 4.63E-07 1.78E-07 
kD2,ref  [L2/(gTS-1·mol·min)] 6.07E-06 7.28E-06 8.69E-06 1.15E-05 4.41E-06 
kD3,ref  [L2/(gTS-1·mol·min)] 1.14E-05 2.20E-06 2.62E-06 3.46E-06 1.33E-06 
Ea,D1   [Kcal/mol] 1.07E+01 1.17E+00 1.39E+00 1.84E+00 7.07E-01 
Ea,D2     [Kcal/mol] 3.40E+01 1.28E+01 1.53E+01 2.02E+01 7.78E+00 
Ea,D3  [Kcal/mol] 1.60E+01 5.78E+00 6.90E+00 9.09E+00 3.50E+00 
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2.6 Propene oxide synthesis kinetics and mechanism 
The HPPO kinetics has been investigated by considering a reliable mechanism based on 
the observations already reported in the literature. A first evidence that comes out from 
the study reported in reference [II] is that all the reactions occurring the HPPO process 
are linearly dependent on the catalyst concentration and are dependent by temperature. 
Clerici et al.15 have reported that the key factor of the propene epoxidation mechanism is 
the reversible splitting of a Ti-O-Si (Ti) bond by H2O2 leading to a Ti-OOH (Ti*) specie 
and the coadsorption of one alcohol or water molecule stabilizing the hydroperoxide 
through a five-membered ring, as it is reported in scheme 2 (Ti*). Then, the epoxidation 
step occurs, where the peroxy oxygen vicinal to Ti is transferred to the double bond, 
with the contemporary formation of a Ti-alkoxide specie, a molecule of water, and a 
molecule of propene oxide. Finally, Ti-OR quickly reforms the initial Ti-O-Si bond 
completing the catalytic cycle. 
Starting from this mechanism, and on the basis of the experimental evidences reported in 
[II], a complete reaction scheme can be written as in scheme 2.  
 
Scheme 2 - Propene oxide formation mechanism. 
 
                                                          
15
 Bellussi, G.; Carati, A.; Clerici, M. G.; Maddinelli, G.; Millini, R. Journal of Catalysis 1992, 133, 220-230.  
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The propene oxide synthesis is catalyzed by Ti-OOH specie. The formation of Ti-OOH 
specie is favored by the coordination on Ti-O-Si site of methanol, however other species 
can coordinate the Ti-O-Si sites. These equilibria reduce the concentration of active sites 
and, as a consequence, the reaction rate, as it has been observed by performing 
experimental runs at different propene/hydrogen peroxide ratios. For instance in Figure 
10, the initial propene oxidation reaction rate as a function of the propene partial 
pressure is reported. 
 
Figure 10 – Initial propene oxidation reaction rate as a function of the propene partial 
pressure. Symbols are experimental data, lines calculated data. 
 
All these effects have been taken into account introducing the corresponding adsorption 
equilibrium constants. Moreover, by considering that the literature findings propose an 
Eley-Rideal mechanism for propene, it is possible to derive the following propene oxide 
synthesis reaction rate, Eq. 17. 
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As it can be seen, the reaction rate has been considered linearly dependent on the catalyst 
concentration, as experimentally observed (see Figure 11), and depends on the main 
components concentration. 
 
Figure 11 – Initial propene oxidation reaction rate as a function of the TS-1 
concentration. Symbols are experimental data, lines calculated data. 
 
As demonstrated by the collected experimental evidences, Ti* specie can catalyze also 
the side reactions, interacting with the epoxide, forming the activate specie Ti*PO, which 
concentration has been considered always very low, so the ring opening kinetic rate laws 
becomes directly dependent on Ti* concentration. Starting from the made assumption, it 
is possible to write the following reaction rate expressions, Eqs 18-21.
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The kinetic constant of the kinetic law (19) and (21) can be assumed the same for both 
the reaction of PO with methoxy propanol and its oligomers, independently on their 
molecular weight, because, all these side reactions (reaction to methoxy propanol and to 
oligomers) occur according to the same mechanism, where PO reacts with an alcoholic 
group. 
As can be seen, the ring opening reaction rate laws depend linearly on the catalyst 
concentration and propene partial pressure is not influent. These aspects can be observed 
by plotting the initial reaction rate for rD1*, rD2*, rD3* and rD4* as a function of either the 
catalyst concentration or the propene partial pressure, Figures 12 and 13. 
 
Moreover, the ring opening reaction rates depend also on the hydrogen peroxide 
concentration, as observed in the literature16,17. This aspect has been also observed from 
ring opening experimental runs performed in the presence of TS-1, propene oxide, water, 
methanol and hydrogen peroxide. The results with related fitting are reported in Figure 
14. 
 
                                                          
16
 Bellussi, G.; Carati, A.; Clerici, M. G.; Maddinelli, G.; Millini, R. J. Catal. 1992, 133, 220-230. 
17
 Bonino, F.; Damin, A.; Ricchiardi, G.; Ricci, M.; Spanò, G.; D'Aloisio, R.; Zecchina, A.; Lamberti, C.; 
Prestipino, C.; Bordiga, S. J. Phys. Chem. B 2004, 108, 3573-3583. 
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Figure 12 –  Initial ring opening reaction rates as a function of the propene partial 
pressure. Symbols are experimental data, lines calculated data. 
 
Figure 13 – Initial ring opening reaction rates as a function of the TS-1 concentration. 
Symbols are experimental data, lines calculated data. 
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Figure 14 – Initial reaction rate trend for the ring opening reactions as a function of the 
hydrogen peroxide conversion. Symbols are experimental data, lines calculated data. 
 
The initial reaction rate shows an interesting trend. It is evident that at very low 
hydrogen peroxide concentrations there is a sharp increase of the reaction rate, then, the 
slope slows down. Probably, two different mechanisms are operative both involving acid 
sites that are present on the catalyst surface, that are, silanols, on the correspondence of 
crystal defects, and the Ti-OOH specie formed as a consequence of the interaction 
between the catalyst and hydrogen peroxide. However, the first type of catalytic sites are 
not active in producing PO but can decompose it, while, the second type of sites can 
promote both the PO synthesis and the successive decomposition. 
Moreover, by comparing the ring opening reaction rates catalyzed by Ti* and the ones 
catalyzed by the defective sites, it is possible to conclude that the first ones are about 
three time faster than the second one. Even so, it is not appropriate to neglect the 
influence of the defective sites on the overall reaction network. 
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Starting from this study, it has been possible to correctly interpret all the collected 
experimental data, that have been simulated by applying the general mass balance 
reported in Eq. 22. 
∑ ⋅⋅+= Lmmiii VrJdt
dn
,
ν
      (22) 
The kinetic constant dependence on the temperature has been taken into account by 
applying the modified Arrhenius equation reported in Eq. 11, while the gas-liquid mass 
transfer (Ji), with related parameters, obtained in the fluid-dynamic characterization have 
been applied with no changes. 
All the kinetic parameters that have been estimated on the experimental data are reported 
in Table 3, together with the statistical information. The parameter estimation has been 
performed by using MatLab with ode23s as ODE solver algorithm. 
 
Table 3 – HPPO kinetic parameters together with the related statistical information. The 
reference temperature is 313K. C.I.: confidence interval. σ: standard deviation. 
 Value 90%C.I. 95% C.I. 99% C.I. σ 
k1ref  [L/(gTS-1·min)] 2.98E+01 1.32E+00 1.57E+00 2.08E+00 7.96E-01 
kD1*,ref  [L2/(gTS-1·mol·min)] 1.18E-01 2.87E-02 3.56E-02 4.54E-02 1.45E-06 
kD2*,ref  [L2/(gTS-1·mol·min)] 3.11E-04 7.32E-05 8.73E-05 1.23E-05 4.38E-05 
kD3*,ref  [L2/(gTS-1·mol·min)] 4.40E-02 2.23E-03 2.58E-03 3.34E-03 1.57E-05 
Kads1  [L/mol] 3.47E-03 2.73E-06 3.25E-06 4.30E-06 1.65E-06 
Kads2  [L/mol] 8.28E+00 4.93E-02 5.89E-02 7.77E-02 2.98E-02 
Kads3  [L/mol] 4.54E-01 2.21E-03 2.63E-03 3.48E-03 1.33E-03 
Kads4  [L/mol] 7.58E+00 1.01E-01 1.21E-01 1.59E-01 6.10E-02 
Ea,1  [Kcal/mol] 1.09E+01 4.66E-02 5.56E-02 7.34E-02 2.82E-02 
Ea,D1*   [Kcal/mol] 2.54E+01 1.28E+00 1.37E+00 1.97E+00 7.05E-01 
Ea,D2*     [Kcal/mol] 3.02E+01 1.32E+01 1.15E+01 1.98E+01 7.75E+00 
Ea,D3*  [Kcal/mol] 3.51E+01 5.62E+00 6.84E+00 9.12E+00 3.45E+00 
 
 
All the collected experimental have been satisfactory described, with an error always 
less than 5%, as it can be appreciated from Figures 10-14 and the parity plot reported in 
Figure 15. The side reaction kinetic rate laws have been tested on both the propene oxide 
synthesis runs and ring opening reactions performed in the presence of propene oxide, 
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water, methanol and hydrogen peroxide, obtaining good fittings in every case (error less 
than 5%). 
 
 
Figure 15 – Parity plot for the propene oxide synthesis tests. 
 
Finally, as can be seen in Table 3, among the equilibrium constants, the biggest ones are 
Kads2 (8.28 L/mol) and Kads4 (7.58 L/mol) respectively related to propene and propene 
oxide. This means that these two species are competitive in the adsorption on the 
catalytic sites. As a consequence an increase of the propene concentration does not give 
a linear increase of the reaction rate (see Figure 10). Moreover, high propene oxide 
concentration in the system slow down the reaction. Both these aspects must be taken 
into account in designing a continuous plant. An idea, for example, could be to separate 
propene oxide at the end of a continuous reactor and feed the resulting part of the 
mixture to another reactor. 
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Chapter 3 – HPPO lab-scale 
continuous plant 
 
 
 
 “The three great essentials to achieve anything worthwhile are, first, hard work; 
second, stick-to-itiveness; third, common sense.” 
 Thomas A. Edison, Men who made America great by Bertie Charles Forbes, 1917 
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3.1 Introduction 
An HPPO lab scale continuous plant has been designed, installed and tested in order to 
validate the kinetic investigation performed in the first part of this work. 
The lab scale plant is composed by a continuous stirred tank reactor (CSTR) that 
operates under a pressure of 20 bars, so allowing to work with liquid propene. The plant 
has been first characterized, then tested in propene oxide synthesis. 
The collected data have been discussed and properly simulated with the developed 
kinetic model. 
 
3.2 Materials and methods 
3.2.1 Chemicals and catalyst 
Propene has been supplied by SIAD with a purity of 99.5 % (0.5 % propane), methanol 
has been supplied by Clean Consult at 99.8% purity, hydrogen peroxide (60 wt.%) has 
been supplied by Mythen s.r.l.. All the other reagents employed have been supplied by 
Aldrich at the highest level of purity available and have been used as received without 
further purification. 
TS-1 catalyst has been supplied by Conser S.p.A. in spray-dried powdered form (average 
diameter of particles 35 µm; average size of crystallites 30 nm with a titanium content of 
3 wt.%). 
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3.2.2 Lab-scale HPPO pilot plant and reaction procedures 
The propene oxide synthesis experimental runs have been performed in a lab-scale pilot 
plant, where the reactor is a continuous stirred tank (CSTR). A sketch of the realized 
plant is reported in Figure 16. 
As it can be seen, a piston pump is used to feed the oxidizing solution composed by 93.2 
wt.% methanol, 3.5 wt.% hydrogen peroxide and 3.3 wt.% water. Propene is fed to the 
reactor trough a liquid mass-flow-meter controller based on the Coriolis principle. 
Propene is stored in a tank under the pressure of 35 bar, so pressure is the driving force 
of the feeding while the flow-meter is the regulator. Both the pumping systems are fixed 
at the desired flow-rate that is kept constant during the test. 
A static mixer has been installed and tested in order to verify if the oxidizing solution 
and propene are properly mixed before feeding them in the CSTR. The mentioned mixer 
is an AISI 316 stainless steel tube of 10 cm length and 3/4" OD (1.54 cm ID) filled with 
glassy spheres of 2.4 mm diameter. The mixer presents a void degree of 0.4. 
The reactor is a continuous stirred tank reactor (CSTR). The design of this unit is not 
trivial. In fact, there is the necessity to build up a complex reaction system, deriving 
from different properties of the reaction itself. 
First of all, being the reaction extremely exothermic (∆H = 57 Kcal/mol), it is needed a 
proper heat exchange system, capable to subtract the heat released by all the reactions 
and keep the reaction temperature at the desired level. For this reason, a stainless steel 
AISI 316 cooling coil of 2 m length and 1/8” outer diameter, where water flows at al 
flow-rate of 6 L/min. A thermocouple is installed in the reactor in order to check the 
reaction temperature. A sketch of the reactor is reported in Figure 17, while a photo of 
the overall HPPO plant is reported in Figure 18 A. The reactor has been built by 
Advanced Couplings Limited. 
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Figure 16 – HPPO lab-scale continuous plant.  
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Figure 17 – Sketches of the designed CSTR. 
 
Secondly, the system has to be pressurized at pressure greater than 16 bars, in order to 
keep propene in the liquid phase. For this reason, an auxiliary tank connected to the top 
of the reactor is connected to a nitrogen bottle through a pressure regulator. All the tests 
have been performed at 20 bars. A filter has been introduced on line, in order to avoid 
any catalyst drainage from the CSTR to the mentioned tank. 
Therefore, there is the necessity to keep all the reactor filled with liquid, in order to 
avoid high catalyst concentration in the CSTR and to warrantee a good heat transfer. For 
this reason, in the auxiliary tank, a liquid level sensor has been installed. 
Oxygen can be released due to the eventual hydrogen peroxide decomposition, it would 
be dangerous an eventual accumulation in the auxiliary tank. For this reason, the top of 
the mentioned tank is continuously flushed by regulating the gas outer flow with a mass 
flow-meter controller. This equipment is driven by the pressure of the gas phase, with a 
PID controller. For a better safety, a mechanical relief valve is installed on the outlet 
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stream, calibrated at 50 bars, so if suddenly the pressure gets higher than the mentioned 
value, the valve opens and everything is sent to the final collecting tank. 
By considering that the pumps are always in action during the test, it is necessary to 
warrantee a continuous and regular outlet liquid flux from the reactor in order to avoid 
either a liquid accumulation or a reactor emptying. In order to solve this problem, a 
liquid mass flow-meter controlled based on the Coriolis principle has been installed on 
the outlet line. The mentioned flow-meter is automatically driven by the liquid level 
sensor previously described, so if the level increases, there is an accumulation and the 
flow-meter proportionally opens. This operation is made by a PID controller. 
Finally, an adequate filtering system has to be installed on the outlet line being the 
catalyst in an extremely fine powdered form. In order to avoid the filter obstruction by 
the catalyst, the feed/outlet streams are automatically alternate. 
The outlet liquid phase is composed of course by the reaction products and the unreacted 
reagents. This solution has to be de-pressurized at atmospheric pressure. In this way, 
propene, methanol and propene oxide would directly flash in two streams, a liquid one 
containing the heavy products and a gas phase containing mainly propene and the a 
certain amount of the light components, such as propene oxide and methanol, with 
consequent mistakes in measuring the selectivity of the system. In order to keep propene 
oxide and methanol in the liquid phase and to properly flash the product stream, two 
operation units have been put in series: (i) a cooler system, that lead the product stream 
at 5°C, composed by a stainless steel AISI 316 cooling coil of 2 m length 1/8” outer 
diameter immersed in a cylindrical vessel (Figure 18 B); (ii) a flash unit composed by a 
stainless steel AISI 316 pipe of 30 cm length and 1” outer diameter, fed at the center. 
The flash unit is connected to a second auxiliary tank where a liquid level sensor is 
installed in order to keep the flash unit filled with liquid for 1/3 of its length (Figure 18 
C). 
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Figure 18 – A. HPPO plant: overall view. B. Heat exchanger. C. Flash unit. D. Torch. 
 
The liquid stream coming out from the flash unit is measured trough a liquid mass flow-
meter controller based on Coriolis principle and further collected and analyzed to 
determine the hydrogen peroxide conversion and the propene oxide selectivity. The 
liquid solution is stored in a 5 L tank continuously flushed with nitrogen in order to 
avoid eventual ignitions. 
The gas stream is measured trough a mass flow-meter controller and analyzed to verify if 
propene oxide is present in the gas phase. By considering that this last stream contains 
also the unreacted propene, it is sent to a burner working at 900°C in order to be 
converted in CO2 and water (Figure 18 D). A thermocouple is installed on the flame in 
A
B
CD
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order to verify if it is working, while a pilot flame has been provided by feeding external 
butane to the burner in order to avoid its turning off. Of course, all the gas purges of the 
system are connected to the same flame. 
All the described operations and all the valves connecting the described units are 
automated through to a data acquisition system (NI cDAQ-9178) provided by National 
Instruments and a dedicated software written in LabVIEW 2011. The mentioned 
software contains also several kind of alarms on the main operating variables, in order to 
keep everything is safe conditions. A picture of the developed software is reported in 
Figure 19 A-B. 
Each test, both the hydraulic, the fluid-dynamic and the kinetic ones, have been 
performed with the same experimental procedure. The lab scale continuous plant has 
been firstly loaded with the liquid setting an overall volumetric flow-rate of 30 cm3/min, 
under atmospheric and inert pressure. In the meantime, both the reactor and the cooler 
are brought at the set temperature value, while the stirring rate set at 300 rpm. As the 
system is full and at the right temperature, a pressure of 20 bars has been applied. 
Dependently on the test, three different procedures have been applied. 
(i) Hydraulic test: the system is kept under fluid pumping at 20 bars. Some 
temperature changes are made in order to verify the proper working of all 
the installed units. 
(ii) Fluid-dynamic tests: the flow-rate is adjusted and the solution tracer 
(toluene 9wt.% in methanol) is pumped to the reactor. The tracer 
concentration is monitored by UV-Vis method. 
(iii) Kinetic tests: both the oxidizing solution and propene are pumped to the 
reactor at a fixed flow-rate. 
At the end of each test, the reactor is first washed with methanol, then the liquid phase 
discharged. 
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Figure 19 – LabVIEW software: A Control pannel; B. Monitor and alarms. 
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3.2.3 Analytical methods 
The products distribution and the PO conversion have been analytically determined by 
gas-chromatographic analysis, using a gas chromatograph (HP 6890), equipped with a 
flame ionization detector (FID), a split-splitless column injector, and employing a Restek 
RT-Q-Bond Plot column (30 m x 0.32 mm I. D., 0.1 µm film). Before the analysis, 100 
µL of ethyl acetate have been added to 5 cm3 of sample, as internal standard. The 
residual hydrogen peroxide concentration has been analytically determined by a 
iodometric titration. 
The UV-Vis measurements for the CSTR fluid-dynamic tests have been performed by 
using a Jasco UV-975 spectrophotometer in continuous, setting λ=286 nm and using 
toluene as tracer molecule. 
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3.3 Hydraulic tests 
The HPPO lab scale continuous plant has been submitted firstly to several hydraulic test 
in order to verify the leak and the hydraulic of the system. In these tests, water has been 
pumped to the reactor previously made empty, setting an overall volumetric flow-rate of 
30 cm3/min, under atmospheric and inert pressure. In Figure 20, it is possible to 
appreciate an example of the obtained results. 
 
Figure 20 – Hydraulic test performed by fixing a volumetric flow-rate of 30 cm3/min. 
 
At time<A, water has been pumped at atmospheric pressure till the liquid sensor 
installed above the reactor has measured a level of 10 cm. At this point, the two pumps 
have been stopped, and the system has been pressurized at about 22 bar (time=A). Here 
the liquid level has decreased as pressure increased. As soon as the system has reached 
the set pressure, the two pumps have been activated again. At time=B, the ultra cryostat 
connected to the cooler has been set to 5°C. From this point, the temperature outside the 
cooler started to decrease till 6°C, temperature that has kept stable till the end of the test. 
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Of course, during this operation, both the levels and the system pressure have not shown 
any kind of variation, fact that show the goodness of the PID that regulates the levels of 
both the reactor and the flash units and the pressure of the reactor itself. 
This kind of test demonstrated that the HPPO lab scale plant has been properly installed 
and no problems, related to both the hydraulic and the leak of the system have been 
observed. 
 
 
3.4 Fluid-dynamic tests 
The CSTR have been tested in order to study the fluid dynamics of the reactor. The 
summary of the performed fluid-dynamic tests is reported in Table 4, together with the 
results of the measured average residence time. Of course, the dead volumes have been 
subtracted from the residence time calculation. 
Table 4 –Summary of the experimental conditions and main results. 
Test Average residence  time [minutes] 
CSTR-1 6.90 
CSTR-2 4.53 
CSTR-3 13.93 
 
In Figure 21, an example of the experimental profiles obtained for the CSTR fluid-
dynamic tests is reported. The figure refers to the CSTR-1 test. Here F is the 
dimensionless tracer concentration, obtained dividing toluene concentration by its inlet 
value. 
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Figure 21 – Fluid-dynamic test: F function versus time on stream. 
 
The average residence time, t , can be obtained by fitting on the collected experimental 
data, applying Eq. 23, valid for a CSTR ideal behavior18. 
tteF /1 −−=
        (23) 
The fit can be appreciated in Figure 21, while the fitted value are reported in Table 4. 
The measured residence time values will be used in interpreting the kinetic tests reported 
in the next paragraph. 
  
                                                          
18
 Levenspiel, O. Chemical Reaction Engineering, John Wiley & Sons: New York, 1999. 
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3.5 Kinetic tests 
Some different experimental runs in the designed continuous stirred tank reactor (CSTR) 
have been performed. These runs are useful to validate the model developed in the fed-
batch reactor. In fact, in both the fed-batch and the CSTR reactor the same TS-1 
powdered catalyst has been used, so the same activity and selectivity should be 
observed.  
A list of the performed experimental runs with related experimental conditions is 
reported in Table 5. All the runs have been performed in isothermal condition. 
 
Table 5 – Summary of the performed tests with related experimental conditions. RPM: 
stirring rate. *Run performed by mixing methanol and propene before entering the 
reactor. 
Run P [bar] RPM TR [°C] CH3OHIN [wt.%] H2O2IN [wt.%] C3H6/H2O2 [mol/mol] 
1 21 300 30 93.2 3.58 0.14 
2 21 300 40 93.2 3.58 0.14 
3 21 300 40 93.2 3.55 0.28 
4 21 300 40 93.2 3.55 0.56 
5* 21 300 40 93.2 3.60 0.27 
 
The first run has been performed for 5 hours in order to verify that the system reached 
the stationary state. In order to demonstrate it, the profiles of hydrogen peroxide 
conversion/propene oxide selectivity and reactor's temperature are reported (see Figure 
22). 
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Figure 22 – Hydrogen peroxide conversion, propene oxide selectivity and CSTR 
temperature, against time of stream, of Run 1 of Table 5. 
 
As it can be seen, the system can be considered stationary already after 2 hours. On the 
basis of the kinetic study performed in a fed-batch reactor, and in order to keep the 
system safe, it has been decided to work at low propene/hydrogen peroxide molar ratio, 
keeping hydrogen peroxide in excess, and low TS-1 loading. In this way, it has been 
possible to work under isothermal conditions, avoiding any hydrogen peroxide 
decomposition. At this purpose, four experimental runs have been performed and the 
comparison of the data in terms of hydrogen peroxide conversion (XH2O2) and propene 
oxide selectivity (ΦPO) are reported in Figures 23-26. The collected results show that by 
increasing the oxidizing solution flow-rate, so decreasing the residence time, a decrease 
in the hydrogen peroxide conversion is observed but the selectivity to propene oxide 
significantly increases (see Figure 23). This fact is reasonable because by lowering the 
residence time the conversion of the main reaction decreases as expected but as the side 
reactions are consecutive to the main one the occurrence of by products is more lowered.  
The two runs performed at different temperatures demonstrate that by increasing the 
temperature the hydrogen peroxide conversion increases while the propene oxide 
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selectivity decreases (see Figure 24). Two runs have been performed at different 
propene/hydrogen peroxide molar ratio by keeping constant the temperature more or less 
the residence time. The results of the two runs show that by doubling the propene 
concentration in the reactor, the conversion increases only by a factor of 1.7 (see Figure 
25). This fact is in agreement with the not linear dependence of the propene 
concentration on the propene oxide formation reaction rate. The last run of Table 5 has 
been performed by putting in series a static mixer to the CSTR, in order to verify that the 
oxidizing solution and propene are efficiently mixed before entering the reactor. In this 
way, a new run has been performed (Run 5 of Table 5), where the oxidizing solution and 
propene are mixed before entering the reactor. By using the mentioned mixer, only a 
slight increase of the hydrogen peroxide conversion has been obtained, so demonstrating 
that also in the previous runs the two reactant feeds are well mixed (see Figure 26). 
 
Figure 23 – Residence time dependence on hydrogen peroxide conversion and propene 
oxide selectivity. 
6 7 8 9 10 11 12 13 14
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
 XH2O2 [-]
 ΦPO [-]
X H
2O
2 
[-]
, 
Φ
PO
[-]
Residence time [minutes]
  
 
49 
 
 
Figure 24 – Temperature dependence on hydrogen peroxide conversion and propene 
oxide selectivity. 
 
 
Figure 25 – Propene/hydrogen peroxide molar ratio dependence on hydrogen peroxide 
conversion and propene oxide selectivity. 
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Figure 26 – Mixing effect on hydrogen peroxide conversion and propene oxide 
selectivity. 
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3.6 Kinetic modelling and simulations 
The experimental data collected in the HPPO lab scale plant have been simulated by 
considering a dynamic CSTR isothermal model. The mass balances that have been used 
to interpret the collected data are reported in Eq. 24, solved numerically by using ode45s 
ODE solver algorithm implemented in MatLab. 
∑ ⋅±
−
= mmi
OUTIN
r
II
dt
Id
,
][][][
ν
τ
     (24) 
 
In order to appreciate the goodness of the fitting, in Figure 27 the parity plot, between 
calculated and experimental data, is reported, concerning both the hydrogen peroxide 
conversion and propene oxide selectivity. As it can be seen, all the data are in a window 
of 20%, so the model can be considered validated. 
 
Figure 27 – CSTR parity plot for both hydrogen peroxide conversion and propene oxide 
selectivity. 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
 XH2O2 [-]
 ΦPO [-]
Ex
pe
rim
en
ta
l d
at
a 
[-]
Calculated data [-]
%20±
  
 
52 
 
 
 
 
Chapter 4 – Hydrogen peroxide 
decomposition 
 
 
“Science is no more than an investigation of a miracle we can never explain, 
 and art is an interpretation of that miracle.” 
Ray Bradbury, The Martian Chronicles, 1950 
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4.1 Introduction 
 
The waste water treatment of the HPPO plant has been studied in the present section of 
this work, investigating the possibility to decompose the unreacted hydrogen peroxide 
with an heterogeneous catalyst. 
An depth catalyst screening has been performed, finding that manganese base catalysts 
can be good candidates for the scope. Moreover, depending on the catalyst preparation, it 
is possible to prepare stable catalyst in slightly acid conditions. 
At this purpose, the kinetics of the most stable and active catalyst has been studied, 
validating the derived kinetic model in a structured micro reactor. 
 
4.2 Material and methods 
4.2.1 Chemicals and catalysts 
Hydrogen peroxide (60 wt.%) has been supplied by Mythen s.r.l.. Boehmite (Pural SB-1) 
has been obtained from Sasol, γ-Al2O3 from Fluka and Alfa Aesar, urea from Merck.  
MnOx catalysts for hydrogen peroxide decomposition have been prepared with dry 
impregnation technique on both powdered and pelletized γ-Al2O3. Different kind of 
catalysts have been prepared by varying the Mn amount or the receipt. The nomenclature 
of the catalysts is Mn(X)-Y-Z, with X the Mn weight percentage (0.2-5wt.%), Y the 
support preparation procedure and Z impregnation procedure. 
The impregnation have followed three different procedures: A. impregnation of alumina 
coatings with Mn precursor solution [Mn(CH3COO)2·4H2O in water]; B. deposition of 
Mn containing alumina sol, 22 mg Mn(CH3COO)2·4H2O and 4.7 mg Al2O3; C. 
deposition of Mn containing alumina sol, 4.7 mg Mn(CH3COO)2·4H2O and 4.7 mg 
Al2O3. The details related to the support preparation can be found in publication III. 
 
The catalyst supported on SMFSS (i.e. perovskite 5 wt.%  La0.4Ca0.6MnO3/SMFSS, 5  
wt.%  (NiO+Al2O3+ MgO)/SMFSS, 5 wt.% (Al2O3+MgO)/SMFSS) have been prepared 
by incipient wetness impregnation method. The structured support used for the active 
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phase deposition is a stainless steel AISI 316L sintered metal fiber, SMFSS, (Southwest 
Screens & Filters SA, Belgium), with a fiber diameter of 20 µm, a filter thickness of 0.3 
mm and a porosity of 0.83. The prepared catalysts with the detailed compositions are 
reported in Table 6. 
Table 6 – Hydrogen peroxide decomposition catalysts supported on SMFSS. 
Catalyst Composition 
20NiO 5wt.%(20wt.%NiO+Al2O3+MgO)/SMFSS 
50NiO 5wt.%(50wt.%NiO+Al2O3+MgO)/SMFSS 
MnOx 5wt.%MnOx/5wt.%(Al2O3+MgO)/SMFSS 
Perovskite 5wt.%La0.4Ca0.6MnO3/SMFSS 
 
All the details concerning the procedures in catalyst preparations are reported in 
publication IV.  
All the other reagents and supports employed have been supplied by Aldrich at the 
highest level of purity available and have been used as received without further 
purification. 
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4.2.2 Catalyst characterization 
The Brunauer−Emmett−Teller (BET) surface areas, pore sizes, and pore volumes of the 
powders have been determined either with a Micromeritics ASAP 2400 instrument using 
nitrogen adsorption at 77 K (publication III) or with a Sorptomatic 1990 (publication 
IV), both according to the method of Dollimore and Heal.  
The scanning electron microscopy (SEM) has been performed with either a Quanta 3D 
FEG microscope at 30 kV with a resolution of 1.2 nm (publication III) or a Philips FEI 
XL30-FEG equipped with an Everhart–Thornley secondary-electron (SE) detector, 
operated at an accelerating voltage of 15 kV (publication IV). Before analysis, the 
sample underwent a hydrocarbon decontamination treatment using a plasma-cleaner 
(EVACTRON). 
XRD spectra have been recorded on a Rigaku Geigerflex device with Cu Kα radiation 
(40 kV, 40 mA) by continuous scan (1.5°/min).  
In coating resistance tests (publication III), adherence has been determined in terms of 
the weight loss of the coated plates after a drop test in which the plates have been placed 
in a holder and dropped from a distance of 65 cm; the procedure has been repeated five 
times. Weight loss for has been calculated as in Eq. 25. 
( ) ( )
( ) 1001
21
⋅
−
−−−
=
pcp
pcppcp
ww
wwww
x      (25) 
Where wcp1 is the weight of the coated plate before the drop test, wcp2 is the weight of the 
coated plate after the drop test, and wp is the weight of the uncoated plate. 
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4.2.3 Reactors and reaction procedures 
Three different types of reactors have been used. A glass-jacketed batch reactor with a 
volume of 100 cm3 has been used for both the catalytic screenings and the kinetic study 
of the powdered catalysts. The catalyst screening tests have been performed at a fixed 
temperature (50-60°C), with a fixed hydrogen peroxide initial concentration (2-10wt.% 
H2O2/H2O) but at different catalyst concentration. Therefore, the kinetic tests have been 
performed by using a solution of 10wt.% H2O2/H2O varying both temperature and 
catalyst concentration. Details can be found in publication III. 
The continuous runs have been performed in two different reactors. A packed-bed 
tubular reactor (length, 20 cm; inner diameter, 1 cm) has been used to study the stability 
on stream of the manganese oxide catalyst. The reactor has been packed with 3 g of 
catalyst in spherical pellets of 2.5-mm diameter containing 5 wt.% manganese. The 
catalyst has been diluted along the bed with 17 g of glass spheres of 2.5-mm diameter. 
The tests have been performed pumping a 10wt.% H2O2/H2O solution, at room 
temperature, to the reactor trough a HPLC pump, working at a fixed flow-rate (4 
cm3/min). A sketch, with related picture of the used plant is reported in Figure 28. 
 
Figure 28 – Laboratory scale continuous plant for hydrogen peroxide decomposition. A: 
sketch; B: picture.  
 
Temperature and pressure have been monitored by data acquisition system (NI cDAQ-
9174) provided by National Instruments and a dedicated software written in LabVIEW 
2011. 
BA
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Another continuous reactor (a disk-shaped single-plate microreactor with a void volume 
of 1.78 cm3) has been used with an internal geometry that favors local micromixing, with 
channels of 0.4 mm. The metallic walls of the reactor have been coated with 50 mg of a 
catalyst whose composition has been optimized by means of the runs performed in the 
previously described reactor. The metallic plate has been covered with a 
polytetrafluoroethylene (PTFE) sheet held in place with another metallic plate. The 
continuous setup has been arranged to operate between 1 and 5 bar, to allow for the 
investigation of the effect of pressure on the decomposition of hydrogen peroxide. A 
picture of the mentioned reactor is reported in Figure 29. 
 
Figure 29 – Disk-shaped single-plate stainless steel AISI 316 microreactor. A. Original 
plate; B. Coated plate; C. Stainless steel plates for catalytic tests, coated and uncoated. 
 
In this case, the experiments have been performed pumping a 9.6wt.% H2O2/H2O 
solution, at room temperature, to the reactor trough a HPLC pump (flow-rate range 0.25-
1 cm3/min), working under a pressure ranging from 1 to 5 bars. The liquid has been 
pressurized with nitrogen through the pressurization chamber, an empty pipe that 
avoided the reactor emptying, while the outlet flow-rate has been adjusted with a manual 
pin valve. A scheme of the laboratory scale continuous plant adopted is reported in 
Figure 29 A. 
C
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Finally, the catalyst stability tests have been performed using stainless steel plates 
(50×35×1mm) with a channel depth of 400µm and a channel diameter of 600µm. The 
plates have been pretreated before the deposition of the coating. The coatings have been 
deposited by the wash-coating technique whereby the suspension has been deposited on 
the substrate and the excess has been then wiped off. The described plates are shown in 
Figure 29 C. All the details can be found in publication III. 
The hydrogen peroxide decomposition tests dealing with the catalyst supported on 
SMFSS, have all been performed in a glass reactor equipped with a mechanical stirrer 
(stirring rate 1900 rpm) and immersed in a thermostatic water bath. The catalyst has 
been fixed to the terminal part of the stirrer. Temperature has been set either at 25 or 
60°C, catalyst content has been wither 0.3 or 1.5 g, while the initial hydrogen peroxide 
content ranged between 5-10wt.% H2O2/H2O. The absolute values have been chosen 
dependently on the catalyst activity. All the other details can be found in publication IV. 
 
 
4.2.4 Analytical methods 
The residual hydrogen peroxide concentration has been analytically determined by a 
iodometric titration for publications (III, IV). The evolution with time of the hydrogen 
peroxide decomposition rate, in publications III and IV, has been monitored by gas-
volumetric analysis in terms of the volume of oxygen produced. The used equipment 
consists in two graduated cylinders filled with water, turned upside down and deep in a 
beaker. The oxygen released during the reaction is collected at the top of  the cylinder 
and water is correspondingly displaced allowing the measurement of the volume of 
oxygen delivered as function of time. 
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4.3 Catalyst characterization 
Different kind of manganese supported on γ-alumina powdered catalysts have been 
prepared in order to optimize the wash-coating procedure. The XRD patterns of different 
manganese alumina catalysts, calcined at 500°C are shown in Figure 30. 
 
Figure 30 – XRD patterns of manganese on alumina catalysts. 
 
The background XRD pattern is the γ-Al2O3 one19,20. The dark stares are related to some 
small peaks corresponding to the MnO2 phase, although the peaks are not clearly 
pronounced and some of them probably overlap alumina peaks.  
For each catalysts, the BET surface area has been measured. Actually, it has been 
determined by the initial surface area of the alumina precursor (see Table 7), decreasing 
after Mn impregnation. 
 
 
                                                          
19
 Zapf, R.; Kolb, G.; Penneman, H.; Hessel, V. Chem. Eng. Technol. 2006, 29(12), 1509−1512. 
20
 Zapf, R.; Becker-Willinger, C.; Berresheim, K.; Bolz, H.; Gnaser, H.; Hessel, V.; Kolb, G.; Löb, P.; 
Pannwitt, A. K.; Ziogas, A. Trans. Inst. Chem. Eng. A 2003, 81, 721−729 
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Table 7 – Mn doped alumina coatings with related properties. aspBET: surface area, n.d.: 
not determined. x: weight loss. 
Catalyst 
Mn 
[wt.%] 
Al2O3 aspBET 
[m2/g] 
asp
BET
 
[m2/g] 
x 
[wt.%] 
Coating 
thickness 
[µm] 
Mn content 
per unit 
surface area 
Mn(0.5)-2-A 0.5 78 65 2 31±3.4 0.008 
Mn(0.5)-3-A 0.5 214 200 11 7±1.4 0.003 
Mn(2)-2-A 2 78 97 10 60±10.2 0.021 
Mn(2)-3-A 2 214 209 1 5±1.0 0.010 
Mn(0.5)-1-B 0.5 320 276 5 8±1.6 0.002 
Mn(2)-1-C 2 320 250 n.d. 13±3.3 0.008 
Mn(5)-2-A 2 78 95 8 40±3.2 0.053 
 
Stability tests have shown that all of the coatings are stable and uniform, so reasonably 
adhesive, being the weight loss always lower than 15%. The coatings are uniform, as the 
deviation in thickness has been within 20−25%. SEM images have been recorded in 
different locations on the micro structured plates. At this purpose, the enlarged SEM 
images of the Mn(2)-3-A catalytic coating are shown as an example, Figure 31. 
 
Figure 31 – SEM image of catalyst Mn(2)-3-A. 
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As can be seen, a thick alumina layer has been obtained near the channel walls, much 
more than in the center of the channel, because of its strong surface tension of the 
aqueous suspension. 
 
Concerning the SMFSS supported catalysts, the BET measurements have been carried 
out with (Al2O3+MgO) in powder form, because the introduction of sufficient amount of 
SMFSS based catalyst into the apparatus is not feasible. A total surface area of 83 m2/g 
of (Al2O3+MgO) has been determined. Assuming a similar structure of the oxide mixture 
(Al2O3+MgO) on the SMFSS surface, a specific area of about 4 m2/(g of SMFSS) can be 
estimated. In Figure 32, some SEM micrographs, before and after deposition of the oxide 
mixture (Al2O3+MgO) layer by incipient wetness impregnation method, are reported. 
 
Figure 32 – SFMSS SEM images. A. medium; B. high resolution images, pre- (I) and 
post- (II) covered with homogeneous 5 wt.% (Al2O3+MgO) layer and (III) final 5 wt.% 
MnOx/5 wt.% (Al2O3+MgO)/SMFSS. 
 
The metallic network shows a random distribution of fibers with relatively high porosity 
(see Figure 32 A(I)), while the fibers show a tetragonal-like structure with diameters of 
ca. 20 µm (see Figure 32 A(II)). Series II shows the formation of a thin homogeneous 
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oxide layer, of about 0.5 µm thickness, where the macroporosity of the network is kept, 
being the deposition homogeneous with a low oxide loading. Even by impregnating 
MnOx catalyst, the structure is kept (see Figure 32 A(III)–B(III)). The coating preserves 
the SMFSS network. Moreover, the catalyst stability is ensured by the thin and uniform 
layer which strongly interacts with the SMFSS support and prevents any leaching. 
Finally, the pore size distribution of SMFSS is reported in Figure 33. As can be seen, the 
catalyst showed a bi-modal micro- and meso-porous material with almost half of the 
pore volume consisting of pores in the range of 10–100 nm. 
 
Figure 33 – Pore size distribution in Al2O3+MgO/SMFSS. 
 
This morphology together with the thin coating layer, that is <1 µm, provides a good 
internal mass-transfer, avoiding eventual diffusion limitations and ensures an optimal 
availability of catalytic phase.  
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4.4 Catalytic screening and stability tests 
An intensive catalytic screening investigation has been performed to find the most active 
heterogeneous catalysts for the hydrogen peroxide decomposition. These catalysts have 
been tested by in batch reactors by setting the temperature, catalyst concentration and 
initial hydrogen peroxide concentration values on the basis of preliminary tests where 
the activity of each catalyst has been investigated. In order to compare the activity of 
each catalyst, the experimental runs have been all interpreted by applying a first order 
kinetics referred to hydrogen peroxide concentration, Eq. 26. 
][ 22OHkr cc ⋅=        (26) 
The evolution with time of the hydrogen peroxide concentration have been solved using 
the mass balance reported in Eq. 27, using MatLab ode45 ODE solver algorithm. 
Lc
OH Vr
dt
dn
⋅−=
22
       (27) 
Of course, each runs has been performed at different catalyst amount. For this reason, 
the apparent kinetic constant has been divided by the mass of the catalyst and the active 
phase fraction, for an homogeneous comparison. Temperature could not be 
homogeneous because of the extremely different activity of the tested catalysts. In 
Figure 34, the results of the performed catalytic screening are shown, comparing both 
powdered and SMFSS supported catalysts. 
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Figure 34 – Catalytic screening for hydrogen peroxide decomposition results. The 
apparent kinetic constant divided by the catalyst mass (wcat) and the active phase fraction 
(factive) for different heterogeneous catalysts. Ni: Engelhard Ni 3298 GE 3/64 in.×3F, 
60.0 wt % Ni. MnOx/Al2O3: MnOx catalyst supported on γ-Al2O3, 5 wt.% Mn, prepared 
by dry impregnation of a solution of Mn(CH3COO)2·4H2O in water. 
 
Preliminary investigations have been performed testing some commercial traditional 
catalysts, such as FexOy and Ni catalysts and comparing them with MnOx and NiO 
supported catalysts. As a first conclusion, manganese oxide-based catalysts have shown 
the highest activity compared to iron, nickel and niobium based catalysts, so the 
investigation have been deepened in manganese oxides base catalysts. Moreover, all the 
Mn based catalysts have shown comparable activities, with the exception of the Mn(0.5)-
3-A catalyst, which exhibited a very poor activity.  
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By comparing the activities of the SMFSS supported catalysts, it has been observed that 
with a 2.5-fold increase of NiO loading on the SMFSS, the rate constant increased by a 
factor of 4.5. This behavior can be explained only by assuming that the lower amount of 
NiO corresponds to a coating of NiO strongly interacting with Al2O3 and less active in 
promoting the reaction with respect to the not interacting NiO which is more abundant in 
the 50 NiO sample. However, as the other catalysts showed better results, no further 
investigation has been done on the NiO-based SMFSS. Concerning the perovskite 
catalysts supported on SMFSS, no significant difference in activity has been noted by 
calcining them at different temperatures (500-600°C). Manganese oxide based structured 
catalyst showed activity comparable with perovskite. 
By concluding, the powdered MnOx/Al2O3 based catalyst have shown the highest 
activity. For this reason, the MnOx/Al2O3 catalyst stability has been tested in long-time 
continuous runs performed in a tubular reactor, packing it with a Mn catalyst supported 
on γ-Al2O3 spheres by dry impregnation and calcined at 500°C. Two runs have been 
performed by changing the Mn content (2-5 wt.%). The obtained results are reported in 
Figure 35.  
 
Figure 35 – Hydrogen peroxide decomposition trend as a function of reaction time for: 
A. 5 wt % Mn catalyst supported on γ-Al2O3 and calcined at 500°C; B. 2 wt % Mn  
catalyst supported on γ-Al2O3 and calcined at 500°C. 
 
By loading the highest content of manganese, a decrease of the hydrogen peroxide 
conversion from about 80% to 30% occurred with increasing time on stream, becoming 
then constant. This phenomenon has been explained by analyzing the manganese content 
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in the collected samples, observing that active phase leaching occurs (see Figure 35 A). 
Therefore, it is possible to conclude that, after impregnation, manganese deposited on 
the alumina in two forms, one of which is strongly bonded to the surface and stable to 
leaching and another that is poorly interacting and prone to dissolve in the slightly acidic 
hydrogen peroxide solution. For the preparation of a more stable catalyst, it is important 
to load less manganese, eventually increasing the calcination temperature to favor the 
interaction of MnOx with the surface support. At this purpose, two catalysts have 
prepared by first reducing the manganese content to 2 wt.% and then calcining them at 
two different temperatures, namely, 500 and 800 °C. In both cases, the catalysts gained 
better stability, with negligible leaching of manganese. The trend of the conversion as a 
function of time for the catalyst calcined at 500°C is presented in Figure 35 B. The 
scattering of the conversion data is not due to the leaching of manganese, which is 
negligible, but rather to both temperature scattering and changes in catalyst wetting in 
this complex gas−liquid flow system in which a copious gas volume is produced on the 
surface and inside the pores, preventing the liquid access to the active sites. The 
calcination at 800 °C resulted in a lower conversion (ca. 30%), probably because of the 
decrease of the specific surface area from 170 to 123 m2/g, for the calcinations at 500 
and 800 °C, respectively. 
By considering that manganese supported catalyst can be considered stable at low 
manganese content, and by considering that they show a good activity, they are good 
candidates for hydrogen peroxide decomposition flow treatment. For this reason, the 
kinetics of the hydrogen peroxide decomposition using most active catalyst found in the 
screening tests, that is Mn(2)-3-A, has been studied. 
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4.5 Kinetic investigation and model validation 
The kinetic investigation has been performed by varying both the catalyst concentration  
and the temperature to determine the reaction order with respect to the catalyst 
concentration and the kinetic parameters. The collected data have been interpreted with a 
first order kinetics respect to both hydrogen peroxide and catalyst concentrations, Eq. 28, 
while the temperature dependence has been explicated by using the modified Arrhenius 
equation reported, Eq. 29. 
][]3)2([ 22OHAMnkr MnMn ⋅−−⋅=      (28) 
















−⋅−⋅=
ref
aref
MnMn TTR
Ekk 11exp      (29) 
 
The evolution with time of the hydrogen peroxide concentration have been solved using 
the mass balance reported in Eq. 30, by using MatLab ode45 ODE solver. 
LMn
OH Vr
dt
dn
⋅−=
22
       (30) 
 
The effect of both temperature and catalyst concentration on the initial reaction rate can 
be observed in Figure 36. As can be seen, the reaction rate shows a relatively high 
dependence with temperature (see Figure 36 A) and it linearly depends on the catalyst 
concentration (see Figure 36 B). 
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Figure 36 – Kinetic investigation of Mn(2)-3-A catalyst. A. Arrhenius plot. B. Initial 
reaction rate trend with the catalyst concentration. Symbols are experimental data, lines 
calculated values. 
 
The kinetic parameters that best fitted the experimental data are listed in Table 8. The 
relatively low activation energy confirms the strong dependence of the reaction rate on 
the temperature. 
 
Table 8 – Hydrogen peroxide decomposition catalyzed by Mn(2)-3-A kinetic 
parameters, evaluated at 313 K, together with the related statistical information. C.I.: 
confidence interval. σ: standard deviation. 
 Value 90%C.I. 95% C.I. 99% C.I. σ 
kMnref    [L/(gcat·min)] 1.26E+01 1.79E-04 2.15E-04 2.85E-04 5.86E+04 
Ea,Mn    [Kcal/mol] 1.04E-02 1.03E-07 1.23E-07 1.64E-07 8.46E+04 
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In order to validate the investigated kinetics, Mn(2)-3-A catalyst has been coated on the 
surface of a stainless steel single-plate microreactor. Different continuous runs have been 
performed under various conditions of pressure, volumetric flow rate, and temperature. 
By working at atmospheric pressure and 25°C and varying the flow rate, the hydrogen 
peroxide conversion decreased, as can be seen in Figure 37. 
 
Figure 37 – Hydrogen peroxide decomposition runs performed in a continuous coated-
disk-shaped single-plate microreactor at different pressures and flow rates. Symbols are 
experimental data; lines are simulated results. 
 
The performed experiments have been simulated by fixing the kinetic rate law, Eq. 31, 
and the related parameters, applying the mass balance equation reported below, valid for 
a plug flow model. The reported mass balance has been solved by using MatLab ode45 
ODE solver algorithm 
Mn
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The plug flow approach is rough but useful for comparison purposes. In fact, by 
simulating the experimental runs performed at atmospheric pressure, the simulation 
predicts higher conversion values than the experimental ones. This fact can be 
considered reasonable because the oxygen developed as a consequence of the reaction 
gives rise to a consistent gas hold-up in the reactor, thereby strongly reducing the liquid 
residence time and consequently the H2O2 conversion. To solve this problem, some runs 
have been performed at moderately higher pressure (5 bar), thereby compressing the gas 
and increasing the liquid residence time and the related conversion. 
As a consequence, a higher hydrogen peroxide decomposition has been observed, with 
an increase in the temperature in the reactor from 25 to about 38 °C, because of the high 
exothermicity of the reaction. The temperature has been measured by a thermocouple 
positioned at the reactor outlet. The experimental data collected at a pressure of 5 bar 
have been fitted by assuming an average temperature of 35°C inside the reactor, which is 
a reasonable value (see Figure 37). Clearly, in this way, the thermal profile has been 
neglected. On the other hand, the thermal profile is not easily measurable because of 
both the geometry of the reactor and the evaluation of the heat released from the device. 
However, the developed kinetic model with appropriately adjusted kinetic parameters 
can be used for the design of a continuous reactor for hydrogen peroxide decomposition. 
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Conclusions 
 
The literature findings demonstrated that one of the most convenient synthetic strategies, 
in both environmental and economical point of view for producing propene oxide is the 
partial oxidation of propene with hydrogen peroxide, in the presence of titanium 
silicalite catalyst (TS-1). This process is known as HPPO (Hydrogen Peroxide Propene 
Oxide) and even if some industrial plants, based on this technology, are already running, 
no detailed information are published dealing with the kinetics of the overall reaction 
network, with some dark spots dealing with the by-products formation.  
For the mentioned reasons, in this PhD work, a detailed study on the kinetics of the 
overall reaction network, deepening the investigation on both the main and side 
reactions, has been performed. In order to investigate the operative conditions to be 
adopted in the propene oxide synthesis tests, both the methyl formate synthesis and 
hydrogen peroxide decomposition catalyzed by TS-1 have been studied, finding that 
methyl formate is formed only in harsh conditions, but hydrogen peroxide 
decomposition is strongly influenced by both temperature and catalyst concentration. In 
order to both avoid hydrogen peroxide decomposition (explosive gaseous mixture with 
propene) and methyl formate production (difficulties in propene oxide purification), the 
propene oxide synthesis tests have so been performed at low temperature and catalyst 
concentration. The results have shown that the reaction occurs with an Eley-Rideal 
mechanism, where propene from the liquid bulk reacts with adsorbed hydrogen 
peroxide. Two kind of oxirane cleavage have been individuated: (i) Ti-OOH sites, acid 
enough to promote the propene oxide ring opening; (ii) defective sites. These two 
phenomena have been studied independently, finding that the first one is three times 
faster than the second. 
For kinetic validation purpose, a lab-scale continue plant has been installed, where the 
reactor is a continuous stirred tank reactor (CSTR). The developed kinetic model is able 
to satisfactory describe all the collected experimental data. In this way, the developed 
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kinetic model could be useful to predict the operation of an HPPO industrial plant 
working with powdered TS-1. 
 
The final part of the presented PhD thesis, deals with the hydrogen peroxide 
decomposition, that is needed to decompose the unreacted hydrogen peroxide streams 
before disposal. An intensive catalytic screening has been performed in order to find a 
good heterogeneous catalyst, supporting them either on powder or on sintered metal 
fibers. The kinetics of the best catalyst have been investigated, validating it in a disk-
shaped microreactor obtaining a good agreement between experimental and calculated 
data. 
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List of symbols 
aL   Gas-liquid interfacial area [cm2/cm3] 
aS   Catalyst specific area [cm2/cm3] 
asp
BET
   Catalyst specific are evaluated with BET method, [m2/g] 
C.I.   Confidence interval 
Ea,m   Activation energy of the reaction m, [Kcal/mol] 
F   Dimensionless tracer concentration, [-] 
factive   Catalyst active phase, [-] 
Hi   Henry constant of component i, [mol/(L·bar)] 
[I]   Concentration of the i component, [mol/L] 
[I]IN   Inlet concentration, [mol/L] 
[I]OUT   Outlet concentration, [mol/L] 
Ji   Mass transfer flux of component i, [mol/min] 
Kadsn   Equilibrium constant (n=1,5), [L/mol] 
kL   Gas-liquid mass transfer coefficient [cm/min] 
km Kinetic constant of the reaction m. Units depend on the 
reaction. 
kmref Kinetic constant of the reaction m at a reference temperature. 
Units depend on the reaction. 
kS   Liquid-solid mass transfer coefficient [cm/min] 
kv   Valve opening constant [mol/(min·bar)] 
[Mn(2)-3-A] Mn(2)-3-A concentration, [g/L] 
Mn(X)-Y-Z Manganese based catalyst with X wt.% Mn, Y support 
preparation, Z impregnation procedure 
ni
j
   Moles of the component i in the phase j, [mol] 
j
in&    Molar flow-rate of the component i in the phase j, [mol/min] 
Oligom   Polymerization oligomer 
P   Pressure, [bar] 
Pactual   Reactor’s pressure varying with time, [bar] 
Pi   Partial pressure of component i, [bar] 
Pset   Set pressure, [bar] 
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PO   Propene oxide 
R   Ideal gas constant, [Kcal/(K·mol)] 
rm   Reaction rate of the reaction m, [mol/(L·min)] 
rm
0
   Initial reaction rate of the reaction m, [mol/(L·min)] 
RPM   Stirring rate, [rpm] 
T   Temperature, [K] 
t   Time, [min] 
t    Average residence time, [min] 
TR   Reactor’s temperature, [°C] 
Tref   Reference temperature, [K] 
Tiα   α site on titanium 
[TS-1]   TS-1 concentration, [g/L] 
V   Volume, [L] 
VL   Liquid volume, [L] 
wcat   Catalyst mass, [g] 
w   Weight, [g] 
x   Weight loss, [wt.%] 
XH2O2   Hydrogen peroxide conversion, [-] 
 
 
 
 
Greek letters 
 
σ   Standard deviation 
τ   Residence time, [min] 
υi,m   Stoichiometric coefficient for component i in reaction m, [-]  
ΦPO   Propene oxide selectivity, [-] 
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